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Abstract 
In this paper, we investigate the compositional optimization of the Pb1-xCaxS1-ySey (PbCaSSe) used for the cladding layer in the 
PbCaSSe/PbS/PbCaSSe double-hetero structure. The results of X-ray diffraction and optical transmittance revealed that the 
crystallinity of the PbCaSSe becomes worse as the compositions of Ca and Se increases, while widening the energy band gap. 
Thus, improvement of the crystallinity and enlargement of the energy band gap of the PbCaSSe exhibits an opposite tendency 
with respect to the compositions. The photoluminescence intensity of the DH structure strongly depends on the PbCaSSe 
cladding layer, compositionally maximizing at x=0.08 and y=0.06 that provides the best trade-off between the crystallinity and 
the energy band gap. 
PACS: 68.55.-a; 68.55.Jk; 78.30.-j 
Keywords: A1. Solid solutions; A3. Hot wall epitaxy; B2. Semiconducting lead compounds; B2. Semiconducting quaternary alloys 
1. Introduction 
Lead chalcogenide solid solution semiconductors are expected to be applied to a mid-infrared laser operating at 
around 3 μm that is useful wavelength in an advanced measurement system for detecting hydrocarbon pollutants in 
air [1]. To date, interband lasers made of lead-salts [2, 3] or III-V compounds [4-6] and intersubband quantum 
cascade lasers [7] have been developed for practical uses. 
Among these materials, the major advantage of the lead-salts is that the rate of nonradiative Auger recombination 
is about two orders of magnitude smaller than those in III-V and II-VI compounds [8, 9]. Continuous wave 
operation at room temperature, however, has not been realized yet on lead-salts. To raise the operating temperature, 
appropriate material should be adopted as a cladding layer in a heterostructure laser. Then, we previously proposed 
the quaternary solid solution semiconductor Pb1-xCaxS1-ySey (PbCaSSe) that was found to be one of the candidates 
for the cladding layer as a result of the bulk synthesis and the film preparation [10]. As a route to operate the 
heterostructure laser, the optical pumping is considered to be useful as well as electrical injection, since the optical 
pumping has proven to be more efficient in providing carriers to the active regions than electrical injection [11]. In 
the case of optical pumping, the role of the cladding layer is considered to be carrier injection into an active layer 
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and carrier confinement within an active layer. They are closely related to the crystallinity and the energy band gap 
of the cladding layer. Specifically, high crystallinity is capable of injecting a lot of generating carrier into an active 
layer, and a wide band gap can strongly confine the injected carrier within the active layer. Thus, a luminescent 
intensity of a heterostructure is preferably enhanced if a cladding layer has both high crystallinity and wide band gap. 
In fact, however, the ternary PbCaS solid solution films was found to exhibit opposite tendency in both, increasing 
the energy band gap with increasing Ca content, while broadening the X-ray rocking curve [10]. Hence, it is 
anticipated that the luminescence of the heterostructure strongly depends on the quaternary PbCaSSe cladding layer, 
and will probably be maximized at a composition that provides the best trade-off between the both. To investigate 
such trade-off, the double-hetero (DH) structure is considered to be favorable, since the both carrier injection and 
carrier confinement can be assessed at he same time. In the present study, we have investigated the compositional 
optimization of the quaternary PbCaSSe in PbCaSSe/PbS/PbCaSSe DH structure. 
2. Experimental procedure 
An undoped PbCaSSe/PbS/PbCaSSe DH structure was grown on cleaved BaF2 (111) substrate by means of a hot-
wall epitaxy. The apparatus used consists of four electric furnaces. They are for substrate, wall, source and reservoir, 
and can be controlled independently in temperature. PbS1-ySey and Ca (99.5 % pure) or PbS were used for the source 
materials to prepare the PbCaSSe cladding layer or PbS active layer respectively, and also S (6N pure) was used for 
the reservoir material. The PbS compound used was synthesized from the Pb and S elements with 6N purity. 
Thermal etching of the substrate was performed at substrate-temperature (Tsub) of 773 K for 30 min prior to prepare 
the DH structure. In the case of the fabrication of the DH structure, each of these layers was prepared to be 
PbCaSSe(3μm)/PbS(0.5 μm)/PbCaSSe(3 μm). 
Full-width at half-maximum (FWHM) of the PbCaSSe was measured by high-resolution X-ray diffraction with a 
four crystal monochromator (XRD, RIGAKU SLX-2000). Spectral transmittance at room temperature (RT) was 
observed by Fourier-transform infrared spectroscopy (FT-IR, JASCO: FT/IR-350). Photoluminescence (PL) 
spectrum at RT was observed using an Ar laser (514.5 nm) with a power of 26.4mW as pumping light source. 
3. Results and discussion 
Prior to prepare the DH structure, the crystallinity and the PL characteristic of the single layered PbCaSSe thin 
films are first demonstrated. Figure 1 depicts the FWHM of the X-ray rocking curve of the epitaxial PbCaSSe thin 
films grown on the BaF2 substrate as a function of the Tsub. In this case, the PbS0.9Se0.1 and Ca were used as the 
evaporation resources, and the FWHM is estimated 
from (444) Bragg reflection. The lattice constant of 
the PbCaSSe thin films are favorably tailored to be 
almost the same with those of PbS that is 
subsequently adopted as an active layer in the DH 
structure. The choice of a BaF2 substrate was 
motivated here by negligible vapor pressure in the 
growth temperature employed and relatively near 
lattice constant for PbCaSSe thin films compared to 
other substrates. The FWHM by ω scan is found to 
be greater than those by ω-2θ scan in the whole 
temperature range, indicating that a mosaic structure 
is limited in the grown films rather than an 
unevenness of the lattice constant. In addition, the 
FWHM is gradually reduced with increasing the Tsub, 
and the film is finally re-evaporated at a Tsub of 785 
K. Thus, the Tsub can preferably improve the 
crystallinity of the PbCaSSe thin films especially at 
a temperature range greater than 723 K.  
Figure 2 depicts the PL spectrum of the PbCaSSe 
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Fig.1. FWHM of X-ray rocking curve of PbCaSSe thin 
films as a function of Tsub. 
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thin film thus grown at 773 K. For comparison, the PL spectrum of the PbS thin film is also presented. The spectral 
peaks of the PbCaSSe can be seen in the vicinity of 2000 nm, corresponding to the energy band gap of the PbCaSSe 
solid solution. In contrast, the primary peak of the PbS thin film is clearly observed at approximately 3000nm, well 
corresponding to the energy band gap of the PbS. The PL intensity of the PbCaSSe thin film is found to be quite 
weak in comparison with those of the PbS film. Thus, the nonradiative recombination seems to be dominant in the 
PbCaSSe film, owing to the less crystallinity with the FWHM of the XRD peak of 270 arcsec. As mentioned above, 
both carrier injection into an active layer and carrier confinement within the active layer should be taken into 
account as the role of a cladding layer. Hence, less amount of carrier injection is anticipated here, and further 
improvement of the PbCaSSe is therefore needed. In contrast, the PbCaSSe thus prepared has relatively wide energy 
band gap, possibly providing a sufficient carrier confinement. However, the single layered PbCaSSe is incapable of 
exhibiting such advantage on the PL spectrum. Then, we fabricate the DH structure, allowing to assess the both 
carrier injection into an active layer and carrier confinement within the active layer at the same time.  
According to the compositional plane of the PbCaSSe solid solution [10], the PbCaSSe can be lattice-matched to 
PbS within the solubility range of Ca and Se. Specifically, the Ca addition to PbS reduces the lattice constant owing 
to the difference in radii between Pb and Ca, and the Se addition contrary elevates it to compensate such reduction. 
Thus, we can choose a desired composition of the PbCaSSe along the isolattice-matched line to PbS. In this case, the 
energy band gap is monotonically increased with increasing the Ca content along the isolattice-matching line. In fact, 
the PbCaSSe thin films employed as the cladding layer contain a slight lattice mismatch less than 0.1 % to the PbS 
active layer because of the technical accuracy. In addition, the different energy band gap of the cladding layer can 
technically be provided using the different compositions of the evaporation resources of PbS1-ySey. The composition 
of y was found to be nearly the same with the incorporated amount of Se in the PbCaSSe film [12]. Hence, the 
elevated composition of y in the resource reasonably induces the elevated content of Ca in the PbCaSSe. Figure 3 
depicts the FWHM of X-ray rocking curve of the PbCaSSe cladding layer in the DH structure as a function of y. For 
comparison, the FWHM of the PbS thin film is also plotted as y=0. These films are epitaxially grown on BaF2(111) 
substrate, and the FWHM is estimated from (444) Bragg reflection. In the figure, the FWHM of the PbCaSSe layer 
is linearly increased with increasing y. It is suggested that the less amount of Ca is favorable for improving the 
crystallinity of the PbCaSSe layer. In contrast, the energy band gap of the PbCaSSe increased monotonically with 
increasing y (not shown in the figure). It is also suggested that a relatively much amount of Ca is favorable for 
strong carrier confinement within the active layer. Specifically, such compositional behavior is found to exhibit 
opposite tendency with respect to the composition.  
Figure 4 depicts the normalized PL intensity as a function of y in evaporation resource of PbS1-ySey. For 
comparison, the intensity of the PbS thin film is also shown as y=0. The maximum intensity of each spectrum is 
compared here. The PL intensity first increases monotonically with increasing y, and then broadly maximized at 
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Fig.2. PL spectrum of PbCaSSe thin film grown at 773 
K. For comparison, PL spectrum of PbS thin film 
grown at 773 K is also presented. 
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Fig.3. FWHM of X-ray rocking curve of  PbCaSSe 
cladding layer as a function of y.  
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y=0.06. Further increase of y leads abrupt reduction of 
the PL intensity. Although the energy band gap of the 
PbCaSSe is maximized at y=0.1, the PL intensity 
becomes negligibly weak. It seems to be responsible 
for the low crystallinity of the PbCaSSe cladding 
layer, having broad FWHM of 270 arcsec on XRD 
peak (Fig.1). It implies less amount of injecting 
carrier into the PbS active layer. Moreover, the 
relatively reduced PL intensity is also seen at y=0.005 
despite the fact that the PbCaSSe layer achieves the 
most improved crystallinity of 87 arcsec. It also seems 
to be owing to relatively narrow energy band gap of 
the PbCaSSe cladding layer, providing weak 
confinement of the injected carrier within the PbS 
active layer. Consequently, the PL intensity is found 
to be compositionally maximized at y=0.06 that is the 
best trade-off between the carrier injection and carrier 
confinement. The corresponding Ca amount is 
estimated to be 0.08 according to the compositional 
plane of the PbCaSSe [10]. 
Figure 5 presents the PL spectrum at RT of the 
compositionally optimized DH structure. In this case, 
PbS0.94Se0.06 and Ca are used as evaporation resource 
to prepare the PbCaSSe layer. The main peak of the 
spectrum is seen at approximately 2900nm that is 
almost the same of the energy band gap of the PbS. It 
is indicative that the luminescence is actually arised 
from the active layer. In addition, the slight shift of 
the main peak toward a shorter wavelength region can 
also be seen in comparison with those of the PbS thin 
film (Fig. 2), suggesting the slight diffusion of Ca into 
PbS during the preparation process. The PL intensity 
thus observed is reasonably greater than those of the 
single layered PbS thin film (Fig. 2). Therefore, the 
carrier injection and the carrier confinement are found 
to be effectively carried out within the PbS active 
layer. The narrow FWHM of 11 meV of the main 
peak suggests that a high quality DH structure has 
been achieved as a result of the compositional optimization of the PbCaSSe cladding layer. 
4. Conclusions 
As the conclusion of the present study, it should be pointed out that the DH structure employing the PbCaSSe 
solid solution as a cladding layer has been fabricated for the first time. The maximum PL intensity of the DH 
structure was successfully obtained at y=0.06 as a result of compositional optimization of the PbCaSSe. The 
corresponding Ca amount is estimated to be 0.08 according to the compositional plane of the PbCaSSe. From these 
results, we will try to fabricate the DH structure laser on the faceted PbS single crystal that was previously proposed 
as a surface flat substrate. 
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Fig. 4. Normalized PL intensity of the DH structure 
as a function of  y. 
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Fig. 5. PL spectrum at RT of the compositionally 
optimized DH structure. 
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